1. Introduction {#sec1-sensors-18-02617}
===============

Wearable devices providing non-invasive high resolution monitoring of living organs are essential in the hospital settings for observing physiological activity, mainly breathing and heart rate \[[@B1-sensors-18-02617]\]. In the intensive care unit (ICU), almost all physiological parameters are measured and monitored, but the assessment of respiratory muscle is lacking \[[@B2-sensors-18-02617]\]. Normal function of the diaphragm is critical for effective ventilation during sleep in normal subjects \[[@B3-sensors-18-02617]\]. Monitoring of respiratory activity is needed to detect respiratory disorders, such as sleep apnoea \[[@B4-sensors-18-02617]\], cessation of breathing in infants \[[@B5-sensors-18-02617]\] or dyspnea. Dyspnea relates to patients having difficulty breathing, whereas apnoea refers to the cessation of airflow during sleep, preventing air from entering the lungs. Besides the respiratory rate, depth and patterns are important \[[@B6-sensors-18-02617]\]. Central sleep apnoea (CSA) is another form of respiratory disease in which the brain temporarily fails to signal the muscles responsible for controlling respiration \[[@B7-sensors-18-02617]\].

Numerous non-invasive devices for respiration monitoring have been proposed. Appropriate use of current monitoring systems and correct assessment of the provided data are essential in accurate diagnosis. Some direct monitoring systems are flow meters that use pressure transducer, thermal or ultrasound flow meters \[[@B8-sensors-18-02617],[@B9-sensors-18-02617],[@B10-sensors-18-02617]\]. These sensors measure some characteristics of air (e.g., temperature, oxygen level) or the direction of airflow from nasal or oral breathing.

Aluminium nitride piezoelectric films \[[@B11-sensors-18-02617],[@B12-sensors-18-02617]\] can measure and monitor the applied pressure on the sensor when a subject is lying on it. Physiologic activity, such as heartbeat and respiration, creates a pressure fluctuation perceived by the sensor. Many fibre-optic \[[@B13-sensors-18-02617],[@B14-sensors-18-02617]\] and fibre-resistive \[[@B15-sensors-18-02617]\] sensors for heart and respiratory monitoring are based on the same concept of elongation of the abdomen or chest circumference. Another example of a direct method is chest and abdomen movement analysis using accelerometer sensors \[[@B16-sensors-18-02617]\]. Since these methods are based on the heartbeat felt on the skin and abdominal circumference changes due to breathing, they are susceptible to human motion artefact. Contact-less breathing or heart rate tracking by low frequency ultrasound sensor was reported by Arlotto et al. \[[@B17-sensors-18-02617]\]. This system is based on detecting the time of flight of ultrasound waves. However, it is impractical, especially when the patient is dressed or covered by a blanket.

Indirect methods are based on biofeedback from organs' activities. As an example, the photoplethysmography (PPG) sensor, as the most popular and inexpensive method for heart rate monitoring, is not a direct method for respiratory monitoring, as discussed more in the sections to follow. This sensor emits infrared light into the tissue and measures the amount of light that is scattered by the blood flow. Furthermore, this sensor measures oxygen level variation due to breathing \[[@B18-sensors-18-02617],[@B19-sensors-18-02617]\], as well as small blood pressure variations due to the pulmonary pressure. Nonetheless, these are dependent on many parameters. For instance, the oxygen level depends on the oxygen density of the air the person is breathing \[[@B20-sensors-18-02617]\], the function of the lungs, the latency between breaths \[[@B18-sensors-18-02617]\], the oxygen level variation in the blood, uncertainty in breath detection during fast respirations and the depth of breathing \[[@B21-sensors-18-02617]\]. In addition, it is not desirable to have a sensor on the finger, earlobe or forehead \[[@B22-sensors-18-02617],[@B23-sensors-18-02617]\]. Many researchers found that the finger is the best location for PPG to extract respiratory signals \[[@B24-sensors-18-02617],[@B25-sensors-18-02617],[@B26-sensors-18-02617]\].

ECG-based devices \[[@B27-sensors-18-02617]\], as the most common cardio-respiratory monitoring tools, require at least two conductive electrodes being mounted on the chest skin. ECG records the electrical activity generated by heart muscle depolarizations, which propagate as electrical waves on the chest skin surface. ECG and PPG devices are the most accurate and conventional methods in hospitals for heart monitoring, especially for critically-ill patients, but not ideal for respiratory monitoring. In a study \[[@B28-sensors-18-02617]\], the researchers described a signal processing technique that derives respiratory waveforms from ordinary ECGs, permitting reliable detection of respiratory efforts. However, the data are sensitive to motion and can cause false peaks as a breathing operation. Skin conductivity assessment (plethysmography) provides a way to measure respiratory activity by measuring the thoracic impedance changes caused by inspiration and expiration. Accordingly, this method requires at least two conductive electrodes, which makes it uncomfortable as a long-term monitoring system. Moreover, the movement-induced artefact on its signal cannot be easily removed by filtering methods \[[@B29-sensors-18-02617],[@B30-sensors-18-02617]\].

Many of the above-mentioned conventional techniques are impractical in real-life conditions such as the patient being physically active or fully dressed. In a wearable health monitoring system, it is advantageous if the device monitors while operating with different body positions, with less constraints on hardware resources and wiring connectivities. In this paper, we report an ultrasound-based diaphragm motion tracking system to obtain a respiratory signal.

Ultrasound technology (US) is inexpensive, safe, real-time and can be used as a direct method for cardiopulmonary monitoring. Ultrasound imaging systems with an array of piezo transducers are widely used in diagnosis and imaging \[[@B31-sensors-18-02617]\]. Zambon et al. investigated the use of point of care ultrasound to assess the function of the diaphragm \[[@B32-sensors-18-02617]\], but it involved manual operation and was not continuous. In an earlier study by the authors, the ultrasound system based on motion tracking of the heart was employed to monitor heart and respiration rates \[[@B33-sensors-18-02617]\]. The PZT4 piezo transducer was placed on the chest in front of the heart. In this work, the sensor is placed in the zone of apposition (ZOA) to observe only the diaphragm motions. Therefore, the system is less sensitive to upper body motion and sensor displacement than the previous work. In addition, the obtained signals of this system from six subjects are validated against a reference. The system uses one sensor, consisting of a PZT5 piezo disk transducer as a 1D tracker of the diaphragm. A mixed-signal embedded system is designed to operate in B-mode, which generates ultrasound pulses discontinuously and records ultrasound echoes as a function of intensity and time (depth). By recording the intensity and time of flight (ToF) of reflected echoes from observed organs, the position of the organ can be found. To determine the velocity and motion of the organ over time, the system averages the amplitude and depth of a specific period of reflections. This mode is called motion tracking (M)-mode and is analogous to recording a video of ultrasound images (B-Mode) focused on a specific area of images. This technique is widely used in ultrasound imaging for real-time measurements of heart rate and wall thickness \[[@B34-sensors-18-02617]\]. In this paper, the data from the proposed ultrasound system are evaluated and validated against a spirometer as a gold standard and compared to the PPG and inertial sensors as two other methods. Results indicate the superiority of our ultrasound sensor in comparison to the inertial and PPG methods under different human body motion conditions. The dataset was collected from subjects having no specific illness to perform a system validation and performance evaluation.

2. Methods and Principles {#sec2-sensors-18-02617}
=========================

2.1. Basics of Ultrasound and Sensor Description {#sec2dot1-sensors-18-02617}
------------------------------------------------

As mentioned before, the proposed system is based on the ultrasound technique. Vibration (resonant) modes of piezo-ceramic transducers depend on their shape, polarization, orientation and the direction of the electric field. The transducer used in the sensor is a 2.2 MHz PZT5 piezo disk operating in thickness mode. One main issue in piezo disk transducers operating at frequencies higher than 1 MHz is the transducer's electrode connectivity. One side of the sensor has to be interfaced with an acoustic matching layer, with an overall thickness of $\lambda$/4 \[[@B35-sensors-18-02617]\], while having an electrical conductivity to the circuit. $\lambda$ is the acoustic wavelength in the propagation medium. Since the other side of the sensor is covered by a backing layer or left open as an air-coupled backing, the connectivity of this side is not a problem. Hence, the piezo transducer is mounted by a silver epoxy on a Kapton (polyimide) film, 125 $\mathsf{\mu}$m in thickness. We printed a silver conductive pad (flexible silver conductive ink) on this film using a VOLTERA circuit printer to connect the transducer's electrode to the rest of the sensor circuit. The printed substrate and finalized design are shown in [Figure 1](#sensors-18-02617-f001){ref-type="fig"}. Having silver as the main component of this epoxy, printed ink and the transducer's electrode result in a good acoustic impedance matching between the transducer and the printed circuit layer.

To remove air gaps between the sensor and skin, a conductive soft material such as ultrasound gel is needed between the skin and the sensor. There are many alternatives, such as water, baby oil or hand cream, which have almost an equal performance. The conductive medium enables a tight bond between the skin and the sensor, enabling wave transmissions directly to the tissues underneath. One strap band or an adhesive pad is needed to hold the sensory head in its position. Moreover, the adhesive pad will ensure the sensor's position and lessens the motion artefact of the signals.

In soft tissues, about 80% of the ultrasound wave is absorbed by the tissue, resulting in local heat production on cells \[[@B36-sensors-18-02617]\]. Acoustic impedances and attenuation coefficients of some specific mediums and soft tissues are listed in [Table 1](#sensors-18-02617-t001){ref-type="table"}.

Ultrasound waves are attenuated in a medium with higher value of attenuation coefficient. In the human body, bone has the highest attenuation coefficient, which hardly allows beam transmission through itself. In addition, due to the high acoustic impedance mismatch between bone and tissues, the intensity of reflections is high. Small upper body motion does not impact the ultrasound wave propagation, and these waves can still pass through the gap between the rib cage bones. Big skin movement may result in a noticeable sensor displacement and ultrasound wave blockage if the sensor faces the bones. This misplacement leads to an error in reading ultrasound reflection. Such a big displacement rarely happens when the patient is not performing intense motion.

The acoustic axial resolution of the sensor can be calculated as below by considering the average sound velocity of tissue as *c* = 1540 m/s and *f* = 2.2 MHz used in this study:

Axial resolution:$$\theta_{z} = \frac{\lambda}{2} = \frac{c}{2f} = \frac{1540}{2 \ast 2.2 \ast 10^{6}} \simeq 0.35$$

K. M. Langen et al. \[[@B37-sensors-18-02617]\] summarized the evaluation of the studies on diaphragm motion. The average peak-to-trough (PTT) diaphragm movement measured is 13 mm in normal breathing and 39 mm during deep breathing. Hence, the axial resolution of 0.35 mm should provide an adequate accuracy to measure the internal organ motion.

The selected piezo ceramic disc transducer has a 15 mm diameter, which is wide enough to sense reflections within the two rib bones. The ringing effect is one of the issues to consider when designing an ultrasound system. In the previous work \[[@B33-sensors-18-02617],[@B38-sensors-18-02617]\], the transducer was operating at 1 MHz, and the piezo ringing effect period masked reflected signals from near objects. Choosing higher frequency piezo transducers not only helps to shorten the ringing effect, it also improves the axial resolution. It is worth noting that the energy of ultrasound waves attenuates as they move through tissues. The amplitude decreases approximately by 1 dB per 1 MHz per 1 cm travelled \[[@B35-sensors-18-02617]\]. Therefore, the need to amplify the reflected signals more increases the power consumption of the circuit. Moreover, the system consumes more power in the faster switching of components. Therefore, the 2.2-MHz piezo transducer from STEMINC was selected, which optimizes our need for the ringing effect, the distance to observe objects (the diaphragm wall) and our need for power consumption.

2.2. Sensor Position {#sec2dot2-sensors-18-02617}
--------------------

In this study, the goal is to investigate the motion of the diaphragm; thus, the sensor was positioned on the zone of apposition (ZOA). The ZOA is the area of the diaphragm encompassing the cylindrical portion (the part of the muscle shaped like a dome/umbrella), which corresponds to the portion directly apposed to the inner aspect of the lower rib cage \[[@B39-sensors-18-02617]\]. The piezo sensor is placed on the right side of the body, as it is easier to see the diaphragm through the liver window \[[@B40-sensors-18-02617]\]. The following methods were described in the literature \[[@B32-sensors-18-02617],[@B41-sensors-18-02617],[@B42-sensors-18-02617],[@B43-sensors-18-02617]\]. The sensor was placed between Ribs 8 and 9 at the mid-axillary line ([Figure 1](#sensors-18-02617-f001){ref-type="fig"}). Having the sensor positioned in this zone would enable it to see both contraction and relaxation of the diaphragm. The diaphragm is a hyperechoic structure, which means that ultrasound can be reflected and measured \[[@B40-sensors-18-02617]\]. Although the diaphragm is deeper than the thoracic rib cage, its motion can be seen by ultrasound from the intercostal space.

2.3. Study Protocol {#sec2dot3-sensors-18-02617}
-------------------

As discussed, we are monitoring the internal organ motion, mainly the diaphragm wall. Our goal is the evaluation of the proposed system on subjects performing different body motion and position conditions. Four practical tests were done in the resting state to ensure an accurate assessment versus the gold standard. Moreover, two additional tests were applied when the subject had upper body motion to examine the system under motion artefacts. All tests were done in a sitting position. The tests are detailed as follows:Test-T1, normal breathing: In this test, the subject was asked to disregard the apparatus and breath normally.Test-T2, normal breathing with two breath holds: In this test, the subject starts with two or three normal breaths and then a long inhalation, followed by a long exhalation. This test is done to evaluate the system on breath holds, or when the subject is suffocating.Test-T3, fast breathing: In this test, the subject breaths fast (between 25 and 40 breathing cycles per minute) to simulate breathing after an exercise.Test-T4, normal and weak breathing: This test is to evaluate the capacity of the apparatus to detect weak and slow breathing. The subject is asked to be at rest and breath gently.Test-T5, normal breathing with hand elevation: This test is intended to evaluate the skin movements when a subject abducts the arm up to the shoulder and then completely up. As mentioned before, if the sensor is placed in front of a bone, then the measurements are impossible due to the ultrasound wave blockage.Test-T6, breathing with upper body motion and rotation: In this test, the subject is asked to move his/her upper body randomly in all directions. This is to evaluate the ability of the apparatus when upper body motion is occurring.

2.4. Ethics Approval {#sec2dot4-sensors-18-02617}
--------------------

All participants gave their informed consent, which was approved by the appropriate ethics committee (Research Ethics Board II Office, McGill university). There are no known risks associated with the experiments asked to be performed on the subjects. In some cases, it caused dry mouth, which was eliminated by providing enough time interval between each breathing pattern and drinking water. Moreover, ultrasound has been shown on many occasions to be safe when the acoustic waves are under thresholds \[[@B44-sensors-18-02617]\]. In a study, a similar sensor was evaluated to prove the amount of ultrasound wave intensities being less than the threshold values \[[@B38-sensors-18-02617]\].

2.5. Validation Process {#sec2dot5-sensors-18-02617}
-----------------------

To validate the data obtained from the ultrasound system, a gold standard was required as a reference. Spirometer- and plethysmography-based devices are the most common clinical and commercial references. We used an SPR-BTA spirometer with GO!Link data logger software to measure oral breathing in sitting condition. A nose clip was used to prevent nasal breathing. This device measures the amount of airflow, but not the volume. Accordingly, the signal level returns to zero in breath holds. Since the proposed measurement method is a based on the volume of air the subject inhales or exhales, trapezoidal numerical integration was used to compute the approximate integral of the signal.

3. System Architecture {#sec3-sensors-18-02617}
======================

[Figure 2](#sensors-18-02617-f002){ref-type="fig"} shows the block diagram of the system designed and implemented to extract, record and monitor the ultrasound data, and validate it against the references. Digital and analogue subsystems were employed; the analogue sub-system has two main paths: a transmitter (TX) and a receiver (RX). A commercial IC MAX-14808 was deployed as the front-end high voltage (HV) pulser, switch and damper in a single chip. It hence acted as the transmitter and path separator. Furthermore, this integrated circuit (IC) is an HV pulser used to generate differential pulses up to $\pm 20$ V to increase the intensity of ultrasound waves. We employed the pulser in three main operation modes, controlled by two signals. First, the differential HV pulses were applied to the transducer, and after 5--10 pulses, the voltage returned to zero, then the damper turned on for a short time to diminish the ringing effect and possibly stored high voltage charges. In the third step, once the internal switch was connected to the RX path, the receiver circuit amplified the low voltage reflections from the sensor.

A two-stage linear amplifier with a wide passive band-pass filter magnified reflected ultrasound beams from undesired high and low frequency components of the signal. The magnified signal was passed to an envelope detector, which helped to reduce the digital signal processing work. According to the acoustic wave attenuation ratio of 1 dB per 1 MHz per 1 cm travelled in the tissue, our ultrasound wave weakened by 2.2 dB for each cm of tissue penetration. To increase the sensing of reflections from deeper tissues, the gain of the amplifier should increase linearly with the same ratio as the ultrasound waves attenuates. For this purpose, we used an analogue front-end (AFE) designed with an integrated low noise amplifier (LNA) followed by a variable gain amplifier (VGA). The gain was controlled by an analogue voltage generated by a 10-bit digital to analogue converter (DAC). Once the switch turned to RX path, the gain started increasing from 10 to almost 30 dB within 200 $\mathsf{\mu}$s. The gain was controlled by the FPGA immediately after the switch transition. Therefore, there was no mismatch in time to generate asynchronous amplified signals. This time was chosen as it was the maximum period during which we expected to have the reflections. Finally, since the information of each echo was carried on the amplitude and time of flight of reflections, the envelope of the signal was extracted. The envelope can be produced in an analogue circuit with a simple rectifier and low pass filter or using Hilbert transform with the digitized values. The Hilbert transform method exhibited better performance, as it detected the true amplitude of the analytic signal. However, the analogue subsystem would reduce the required ADC clock and processing units dramatically since the carrier frequency was removed.

To digitize the enveloped signal, we used a 10-bit resolution analogue to digital converter (ADC) with a sampling frequency of 1 Msamples/s. It converted the analogue signal once the system switched to RX mode for 200 samples (lasting 200 $\mathsf{\mu}$s).

A Cyclone V FPGA programmable logic device was programmed to control all blocks through digital pulses. The data were logged and processed by MATLAB (Matrix Laboratory, USA) with a user-friendly GUI interface. The processing of ultrasound data could be done completely on the FPGA. However, to make a better timing comparison between all three resources, processing was done on the computer for the purposes of our experiments.

The hardware setup of the proposed system architecture is shown in [Figure 3](#sensors-18-02617-f003){ref-type="fig"}. The proposed system required +3.3-V sources for the digital and analogue integrated circuits and the differential $\pm 5$ V--$\pm 20$ V from an external DC linear power supply for the transducer stimulation. It consumed 34 mA for the digital and analogue circuit. The transducer itself consumed less than 0.1 mA at different voltages. Only 393 logical blocks of a Cyclone II FPGA were used. The hardware was built using an off-the-shelf 4-channel transceiver integrated circuit (IC). The same hardware would allow further analysis of multi-sensor or different transducer configurations, as discussed in [Section 5](#sec5-sensors-18-02617){ref-type="sec"}.

3.1. Pulse Generation and Observation {#sec3dot1-sensors-18-02617}
-------------------------------------

The average intensity of acoustic waves depends on the pulse repetition factor and the voltage level. As the voltage applied on the transducer increases, the intensity of acoustic waves increases, as well. As the repetition factor increases, the refreshment of this information increases, as well. In this study, we planned to measure the near tissue movements, meaning low energy acoustic pulses were sufficient to stimulate the transducer. In this study, we examined our system by pulses on differential voltages from $\pm 5$ V--$\pm 20$ V applied on the transducer. Observations and measurements have shown that even a $\pm 5$-V rating is sufficient for the diaphragm motion tracking. Monitoring of subjects with thicker skin, fat and rib cages may require higher acoustic energies as the depth of penetration increases. Operation in lower voltages also consumes less energy and applies weaker ultrasound wave intensities, which might have inappreciable side-effects on the body. However, ultrasound is known for its excellent safety record.

[Figure 4](#sensors-18-02617-f004){ref-type="fig"} shows an example of received waveforms when the sensor is placed on the ZOA. The blue and orange waveforms in [Figure 4](#sensors-18-02617-f004){ref-type="fig"}A are two examples of the envelope of echoed signals received in inhalation and exhalation, respectively. The required information lies under the peaks' amplitude and their locations (ToF). The largest peaks marked on this figure, at times less than about 20 $\mathsf{\mu}$s, were the result of the sensor's ringing effect and reflections from unmatched surfaces, from sensor to skin surfaces.

[Figure 4](#sensors-18-02617-f004){ref-type="fig"}B depicts one minute of records for a subject at rest without body movements to monitor the diaphragm wall motions. These 3000 records comprise a series of envelope signals, such as the one shown in [Figure 4](#sensors-18-02617-f004){ref-type="fig"}B, recorded every 20 ms. The results were similar to M-mode ultrasound imaging, where M stands for motion tracking over time.

In this test, the subject started with three normal breathing cycles. After that, two breath holds (with full inhalation and exhalation), followed by normal breathing cycles continued to the end. In this figure, the amplitude variation of each record contains the respiration information. Since these peaks were the result of an internal organ motion, rather than external motion or skin surface, the obtained information was shown to be robust to human motion. Additionally, the monitoring was based on a direct measurement of physiological human activity, and not by an indirect method. To obtain the respiratory waveform, the integral of the signal or the mean value within the desired window of each record gave a value $M_{j}$. This is the period of time the ultrasound waves were reflected from the diaphragm. Reflections before this period were the result of motion artefact, sensor ringing effect and small spikes from the internal switch when it turns into RX mode. For this study, the period was set from 22--100 $\mathsf{\mu}$s, so ($M_{j}$) can be found as:$$M_{j} = \frac{1}{UB - LB}\sum\limits_{i = LB}^{UB}S_{ji}$$ where *j* and *i* are the record and sample indexes, respectively (on axes *Y* and *X*). LB and UB are the lower and upper bounds of the desired window, as explained above. A series of $M_{j}$ values for all records produced the signal shown in [Figure 5](#sensors-18-02617-f005){ref-type="fig"} as US (ultrasound).

3.2. Data Analysis and Peak Detection {#sec3dot2-sensors-18-02617}
-------------------------------------

A low-pass FIR filter was used to emit high frequency elements of the raw US signal, which was higher than 1 Hz. The same filters were used to apply to signals from the spirometer, the PPG and motion sensors. FIR filters of the same order (order 12) were used for filtering to ensure linearity in the phase of filtered data, which was an important criterion for filter selection, especially for the validation procedure. Since the respiration operation mainly changed the baseline of the PPG sensors' data \[[@B21-sensors-18-02617],[@B24-sensors-18-02617],[@B25-sensors-18-02617]\], the same technique was utilized in this article. We applied a band-pass filter to extract the respiratory frequency from the raw PPG signal and eliminate the extremely low frequency or DC component of the signal. The respiratory signal was a non-stationary signal, and all sensors' data were processed in the time domain. A windowing percentile analysis \[[@B45-sensors-18-02617]\] was performed on all low-pass filtered sensor signals to detect positive peaks. Thus, a logical output for each signal was generated containing the logic '1' when the signal level passed the percentile threshold value and '0' when the signal was below the threshold. The logical waveforms showing the presence of each detected inhalation and exhalation in all signals were utilized in the statistical evaluations in [Table 2](#sensors-18-02617-t002){ref-type="table"}. The percentile value was adaptive to the mean value of the signal in current and past windows.

4. Results {#sec4-sensors-18-02617}
==========

For all the listed tests, the inertial sensor was placed on the ultrasound sensor to monitor the body motion and motions due to breathing. This sensor provided three-axis accelerometer and gyroscope data at the same rate as ultrasound. We used the MAX30101 multi-sensory board, which provides a proven design to evaluate the integrated pulse-oximetry and heart rate monitoring. PPG sensor was selected as a comparative technique to the proposed ultrasound system. Some studies proposed the use of PPG sensors for respiration estimation as discussed in the Introduction. However, to our best knowledge, there is no evident practical test of respiratory monitoring when the breathing is fast or the subject is moving. In this study, we evaluated the PPG under the same conditions as our proposed system.

[Figure 5](#sensors-18-02617-f005){ref-type="fig"} and [Figure 6](#sensors-18-02617-f006){ref-type="fig"} show the signals of our ultrasound system (US), PPG, spirometer and motion sensors for a minute record, measured on Subject 4. It helps to compare waveforms visually and have a better assessment of the proposed system functionalities. Tests T1, T2, T3 and T4 in [Figure 5](#sensors-18-02617-f005){ref-type="fig"} were experiments without body motions, and Tests T5--T6 in [Figure 6](#sensors-18-02617-f006){ref-type="fig"} were designed to evaluate the system with body motion. Our observations and analysis of the PPG data when the subject was moving showed uncertainty in the respiratory waveforms. Therefore, we skipped showing the PPG data for Tests T5 and T6 in [Figure 6](#sensors-18-02617-f006){ref-type="fig"}. The accelerometer and gyroscope data in this figure show the seating position and motion of the body.

Among the gyroscope and accelerometer sensors data, the gyroscope was found to produce a better signal. Although the magnitude of data from these two sensors was extremely small, according to our data, the respiratory waveform from the gyroscope was still more detectable than the accelerometer. [Figure 5](#sensors-18-02617-f005){ref-type="fig"} and [Figure A1](#sensors-18-02617-f0A1){ref-type="fig"}, [Figure A2](#sensors-18-02617-f0A2){ref-type="fig"}, [Figure A3](#sensors-18-02617-f0A3){ref-type="fig"}, [Figure A4](#sensors-18-02617-f0A4){ref-type="fig"} and [Figure A5](#sensors-18-02617-f0A5){ref-type="fig"} clearly show the difference.

4.1. Ultrasound Data Validation: Static Body Posture {#sec4dot1-sensors-18-02617}
----------------------------------------------------

Test T1 in [Figure 5](#sensors-18-02617-f005){ref-type="fig"} consisted of 16 normal inhalations and exhalations per minute. As evident in this figure, the ultrasound system (US) had a clear breathing detection versus the reference (ESP). The PPG sensor's data followed the respiratory waveform with a lower accuracy and intensity, while the gyroscope data had peaks that could be counted as wrong detections.

Test T2 consisted of normal breathing with two breath holds. All subjects began with three normal breaths. Then, they were asked to hold their inhaled breaths for 10--20 s followed by a complete exhalation. The test continued with normal breathing to the end after the breath holds. This test was done to simulate an apnoea situation and the feasibility of an apnoea detection using the proposed respiratory monitoring. According to the signals of this test in [Figure 5](#sensors-18-02617-f005){ref-type="fig"}, the PPG sensor was unable to follow the overall breathing patterns except three true detections at the beginning. Moreover, peak signals generated by this sensor could be realized as breathing activities. More signals in the [Appendix](#app1-sensors-18-02617){ref-type="app"} confirm this fact. The inertial sensor could provide a better signal than the PPG; however, the sensor generated some peaks at the end, which could be counted as breathing. In addition to the breathing detection, the system was able to show the diaphragm efforts when applying pressure to open the airway. In a study by Holland et al. \[[@B46-sensors-18-02617]\], they showed that breath holding did not eliminate the motion of the diaphragm, and the diaphragm moved upward during a breath hold with a constant velocity of 0.15 mm/s. This phenomenon was evident in our data shown in the [Figure 5](#sensors-18-02617-f005){ref-type="fig"} US of Test T2. The mean amplitude of the signal lowered almost constantly by time.

Test T3 was the same as Test T1, except that the breathing was faster. This test was done not only to evaluate the performance of the proposed system, but to compare against the PPG response to fast breathing. Our analysis showed a high correlation and breath detection of the ultrasound sensor versus the gold standard. However, four breaths were not detected by the ultrasound system, which was only 11% of the total breathing cycles in this test. Inertial sensors performed better than the PPG sensor in this test. Detailed results are listed in [Table 2](#sensors-18-02617-t002){ref-type="table"} and [Figure 7](#sensors-18-02617-f007){ref-type="fig"}.

Test T4 was similar to T1 except in comparing how the ultrasound sensor responded to weak and normal breathings versus the reference. The subject began with shallow breathing for almost 30 s and continued with normal breathing to the end. Our US signal could detect the weak breathing, but the amplitude of the signal was low and failed at three points. Note that some subjects had very weak breathing, which was the reason breath detection was missing in [Figure 5](#sensors-18-02617-f005){ref-type="fig"}T4. During the same test, the PPG sensor did not provide any relevant signal regarding the weak breathing, and positive peak times in the Gyro signal were not distinguishable from negative peaks. All sensors operated well in normal breathing for the second half of the test. It is worth noting that the US system rarely generated false readings.

4.2. Ultrasound Data Validation: Dynamic Body Posture {#sec4dot2-sensors-18-02617}
-----------------------------------------------------

In this section, the proposed system is assessed versus other methods when subjects had arbitrary upper body motions. Results are shown in [Figure 6](#sensors-18-02617-f006){ref-type="fig"}. We performed Test T5 to evaluate if the US sensor moved with hand elevation and its consequence on respiratory data. In this test, the subject started with two normal breaths with the arm relaxed on each side. Then, he/she abducted his/her right arm up to 90 degrees for two more breaths in that position, followed by an abduction of his/her arm up to almost 150 degrees and breathing two times again. Finally, he/she continued breathing while bringing the hand back to 90 degrees and then the initial position. The right hand was chosen because the sensor was placed on the right side of the body. The skin around the ZOA shifted vertically following hand elevation. This shift caused the sensor to be displaced in front of a rib cage bone. Our analysis of subjects showed that the system operated ideally as long the elevation was up to 90 degrees. The system failed to detect respiration a few times when the hand was elevated more than 90 degrees.

Finally, in Test T6, the proposed method was examined against upper body motion. An example of this test is shown in [Figure 6](#sensors-18-02617-f006){ref-type="fig"} while the subject bent to left and right for 25 s. Then, the subject was asked to do slower or more gentle motions for 10 s. The subject continued to the end with fast and big motions while breathing normally. The reported results and observations showed a fairly correlated data versus the gold standard when the subject's body had motions. Although the sensor displacement on the first 25 s did not allow the system to track the diaphragm's movements (the similar issue in Test T5), the system showed better performance to the rest of the tests, as seen either in [Figure 6](#sensors-18-02617-f006){ref-type="fig"} or other reported data in the [Appendix](#app1-sensors-18-02617){ref-type="app"}. Due to the hand and body motions, the PPG data collection was skipped in these two tests as respiratory waveforms of these sensors were susceptible to motion artefacts \[[@B26-sensors-18-02617]\].

[Table 2](#sensors-18-02617-t002){ref-type="table"} is a list of the sensitivity, specificity and precision values of all methods with regard to the reference and plotted in [Figure 7](#sensors-18-02617-f007){ref-type="fig"} for an easier distinction. The sensitivity or true positive rate (TPR) was calculated by the equation below:$$Sensitivity\left( TPR \right) = \frac{TP}{TP + FN}$$

In this equation, the true positive (TP) was the number of correctly-detected full breathing operations and false negative (FN) was the number of breaths wrongly classified as negative. In this table, the total number of breaths per minute of the spirometer is listed. True negative (TN) was considered positive when both the gold standard (spirometer) and the sensor did not detect any breathing. For example, if the spirometer and the sensor did not record any breathing when no breathing was occurring in between two breathing cycle or when the subject was holding their breath, it was considered a true negative. The specificity or the true negative rate was calculated to identify the proportion of non-breaths that were correctly identified. It could be calculated using the equation below:$$Specificity\left( SPC \right) = \frac{TN}{TN + FP}$$

In addition to sensitivity, the precision or positive predictive value (PPV) was calculated by Equation ([5](#FD5-sensors-18-02617){ref-type="disp-formula"}). In this equation, the false positive (FP) is the total number of breathing operations detected by an error. This error in the ultrasound system could be a result of sensor displacement, which rarely happened during our experiments. This value was noticeably high for the gyroscope. The statistics of Test T6 were not calculated for the gyroscope, accelerometer and PPG sensors due to the extremely noisy and unusable data. $$Precision\left( PPV \right) = \frac{TP}{TP + FP}$$

According to the above-mentioned results and visual observations, the authors did not find a relationship between the body specification ([Table 3](#sensors-18-02617-t003){ref-type="table"}) and system performance.

4.3. Non-Respiratory Movements {#sec4dot3-sensors-18-02617}
------------------------------

As mentioned before regarding the desired window, the system looked into reflected ultrasound waves from internal organs, mainly the diaphragm. Among all the subject tests of T6 in this article, none of the tests showed any correlation with body motion. In some tests where the subject held the breath for a longer time, there were some small peaks in the signal due to the heart operation. These spikes were visible in most of the T2 tests of this article during the breath holds. Heart contractions transmitted motions to the surrounding organs, such as the pericardium sac and the diaphragm \[[@B47-sensors-18-02617]\].

5. Discussion {#sec5-sensors-18-02617}
=============

In reference to the provided data, the proposed ultrasound system provides a stable respiratory signal using only one sensor placed in the zone of apposition. Although the system is sensitive to large sensor displacements, the respiratory signal could be monitored even in gentle body motions, at different breathing rates and intensities. In addition, it does not generate false detection in comparison to the other employed methods. Based on observations of all experiments, a weaker correlation is found between the PPG, Accl and Gyro versus the spirometer as the gold standard in the T1 to T4 test methods. As per the discussion on indirect methods for respiratory monitoring systems in the Introduction, the PPG sensor responds slower to the respiratory trend and is non-responsive when the sensor or body is not physically stable. Respiratory-induced motions on the body are negligible compared to the human motions during daily activities. This is while the respiratory signal is detectable by the proposed ultrasound system even when the body is moving, as presented in all T6 tests in [Figure 6](#sensors-18-02617-f006){ref-type="fig"} and the [Appendix](#app1-sensors-18-02617){ref-type="app"} figures.

To improve the displacement sensitivity, an array of transducers will enable the system to track the diaphragm motion reliably in the future. In this way, at least one transducer will trace motion changes of the diaphragm even if others are blocked by the ribs. An array of three transducers placed side by side within the intercostal space could be a solution to overcome this issue. Note that transducers placed on a flexible material will not cause any discomfort, nor inconvenience for the subjects.

Our tests show that when the subjects were performing long oral breathing test with the spirometer, they felt exhausted and dizzy when the test reached a 50--60-s period. Further analysis is scheduled to apply prolonged tests based on a different reference. The system uses a bulky setup with one wired connection to the sensor. In future, integrated wireless hardware will be developed to replace the wire connectivity and bulky evaluation setup. System evaluations of the noninvasive ventilated (NIV) \[[@B48-sensors-18-02617]\] subjects will be addressed.

6. Conclusions {#sec6-sensors-18-02617}
==============

In this paper, we presented a direct respiratory monitoring system based on the pulsed ultrasound technique. The sensor consists of a PZT5 piezo transducer mounted on a flexible surface in direct-contact with the skin surface. The sensor should be placed in the zone of apposition (ZOA) on the right side of the body to observe the motion of the diaphragm. The proposed diaphragm motion tracking sensor provides fairly good detection of respiratory cycles in different breathing patterns. The system was compared against a spirometer as the gold standard. In addition, we compared our measurements with inertial and photoplethysmography (PPG) sensors. Our ultrasound sensor was less affected by upper body motions in comparison to the inertial and PPG sensors.
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Respiratory waveforms of the other five subjects (Subjects 1, 2, 3, 5 and 6) are plotted here. The proposed ultrasound system (US) is compared with the spirometer (ESP) as our reference, pulse oximeter (PPG) and motion sensors (Accl and Gyro). AS mentioned before in [Section 4](#sec4-sensors-18-02617){ref-type="sec"}, since the PPG sensor is sensitive to the motions of the sensor and human body, the PPG data collection is skipped for Tests T5 and T6 of the following figures. Note that the Gyro and Accl signals are not necessarily synchronous with the breathing rates in the T5 and T6 tests. For the convenience of the readers, the amplitude of all signals was normalized to make the visual comparison easier. It is worth noting that the amplitude variations of the Gyro and Accl signals in the T5 and T6 tests were almost ten-times greater than the other four tests.

![Respiratory waveforms of Subject 1.](sensors-18-02617-g0A1){#sensors-18-02617-f0A1}

![Respiratory waveforms of Subject 2.](sensors-18-02617-g0A2){#sensors-18-02617-f0A2}

![Respiratory waveforms of Subject 3.](sensors-18-02617-g0A3){#sensors-18-02617-f0A3}

![Respiratory waveforms of Subject 5. The PPG sensor was detached from the subject's finger in the last 15 s.](sensors-18-02617-g0A4){#sensors-18-02617-f0A4}

![Respiratory waveforms of Subject 6.](sensors-18-02617-g0A5){#sensors-18-02617-f0A5}

![(**A**) The PZT5 piezo transducer mounted on a flexible printed PCB circuit. (**B**) The top side of the sensor. A two-sided adhesive pad is used to hold the sensor on the body. The middle round area is filled by ultrasound gel. (**C**) Sensor position in the zone of apposition (ZOA). The sensor on the back side is covered by a blue tape.](sensors-18-02617-g001){#sensors-18-02617-f001}

![Ultrasound system designed to continuously measure and monitor respiratory cycles. The spirometer is used as a reference for ultrasound data validation and compared with PPG and inertial sensors.](sensors-18-02617-g002){#sensors-18-02617-f002}

![The designed 4-channel ultrasound system hardware setup consists of a high voltage pulser, an analogue front-end (AFE), an envelop detector and an ADC. It is interfaced with a Cyclone V FPGA board as a controller and data logger to the computer.](sensors-18-02617-g003){#sensors-18-02617-f003}

![(**A**) An example of the obtained signal sampled at 1 Ms/s at the end of each inhalation and exhalation, each called a record. (**B**) One minute of records taken at 50 Hz depicts the breathing cycles.](sensors-18-02617-g004){#sensors-18-02617-f004}

![Respiratory waveforms of Subject 4 for the proposed ultrasound system (US) in comparison with the spirometer (ESP), pulse oximeter (PPG) and motion sensor (Accl/Gyro). Only four out of six types of experiments are plotted in static body conditions. All tests have close resemblance to real breathing situations.](sensors-18-02617-g005){#sensors-18-02617-f005}

![Respiratory waveforms of Subject 4 for the proposed ultrasound system (US) in comparison with the spirometer (ESP) and motion sensor (Accl/Gyro) under human body motion condition. Since the PPG data were found to be sensitive to the motions, data collection was skipped for analysis in T5 and T6.](sensors-18-02617-g006){#sensors-18-02617-f006}

![Graphical presentation of the values listed in [Table 2](#sensors-18-02617-t002){ref-type="table"}.](sensors-18-02617-g007){#sensors-18-02617-f007}

sensors-18-02617-t001_Table 1

###### 

Acoustic properties of biological tissues.

  Medium           Attenuation Coefficient (dB/cm)   Acoustic Impedance (kg/m^2^·s or rayl) $\ast 10^{6}$
  ---------------- --------------------------------- ------------------------------------------------------
  Water            0.002                             1.48
  Blood            0.18                              1.61
  Fat              0.63                              1.38
  Muscle           1.3--3.3                          1.62
  Bone             5.0                               6.0
  Silver           16                                5.14
  Ultrasound Gel   \-                                1.6

sensors-18-02617-t002_Table 2

###### 

Statistical measurements of all experimental tests on 6 subjects. Results are compared with the spirometer as a reference. The average number of breaths per minute of all tests are measured by spirometer. As shown in [Figure 5](#sensors-18-02617-f005){ref-type="fig"}, T5 and T6, the inertial and PPG sensors are not applicable (N/A) to respiratory monitoring when the subject's body moves.

  Test Number   Breaths per Minute   Sensitivity (%)   Specificity (%)   Precision (%)                                                 
  ------------- -------------------- ----------------- ----------------- --------------- ----- ---- ----- ----- ----- ---- ----- ----- -----
  Test 1        13                   86                73                81              68    98   91    79    92    98   84    75    88
  Test 2        11                   89                78                86              48    98   88    75    86    98   88    76    84
  Test 3        25                   87                63                94              27    92   84    90    85    92   81    90    77
  Test 4        16                   89                81                84              59    91   93    80    94    88   90    79    95
  Test 5        16                   78                71                87              N/A   94   81    73    N/A   94   86    74    N/A
  Test 6        17                   73                N/A               N/A             N/A   89   N/A   N/A   N/A   89   N/A   N/A   N/A
  Average       N/A                  84                73                86              51    93   86    79    86    94   87    79    89

sensors-18-02617-t003_Table 3

###### 

Summary of subjects' specifications. CC is the chest circumference.

  ID   Age (year)   Height (cm)   Weight (kg)   CC (cm)
  ---- ------------ ------------- ------------- ---------
  1    36           173           73            84
  2    29           176           65            81
  3    26           175           75            84
  4    25           183           95            88
  5    27           165           50            74
  6    34           175           70            74
